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Synthesis, superconductivity and ESR characterization of RbaC6o 
crystals 
J.A. Schlueter, U. Welp, H.H.  Wang 1, U. Geiser, J .M. Wil l iams, M.J. Bauer, J .M. Cho, 
J.L. Smart  and S.A. Taha  
Chemistry and Materials Science Divisions, Argonne National Laboratory, Argonne, 1I_. 60439, USA 
A one-step doping process of C~o crystals with three equivalents of rubidium to produce Rb3C~o crystals was developed. The 
Tc's for all Rb3C6o crystalline samples ( ~ 30.5 K) were higher than those f the powder samples (28 to 9.6 K), but consistent 
with the reported four-probe resistivity result for a doped C6o crystal (transition midpoint = 30.2 K). High superconducting shielding 
fractions (between 60 and 90%) and sharp magnetic transition widths (ATlo-9o between ~ 3 K and 0.7 K) were observed forthe 
samples doped with Rb at temperatures of 300 to 450°C. The doping process, as well as the composition, of these samples were 
studied with the use of an ESR spectrometer. Two major components, RbC~o and Rb3C~o, were quantitatively characterized. The 
superconducting shielding fractions of hese samples were found to be linearly correlated with the Rb3C~o content obtained from 
ESR measurements. Higher-temperature doping ( > 400 °C) favored the formation of Rb3C~o at the expense of severe C~o crystal 
fragmentation. The optimal doping condition to produce Rb3C~o crystals was found to be around 300 ° C. 
1. Introduction 
C60, a new form of carbon allotrope, has attracted 
an intense amount of  research interest [ 1 ]. The dis- 
covery of  superconductivity in the potassium-doped 
C6o material has established a new molecular build- 
ing block for three-dimensional superconductors [2 ]. 
A series of  superconducting compounds with com- 
position M3C6o (M: alkali metal) have since been 
synthesized [3-8 ]. The highest Tc (~ 33 K) in this 
family was found for the composition RbCs2C6o [ 6 ]. 
In contrast o the one- or two-dimensional organic 
superconductors based on radical-cation salts [9 ], 
where superconductivity is often hampered by in- 
tervening charge-density-wave or spin-density-wave 
instabilities, packing of  the spherical superatom C6o 
leads to a simple face centered cubic (fcc) lattice 
[ 10,11 ], where superconductivity effectively com- 
petes with other instabilities. Much research as fo- 
cused on the orientational degrees of  freedom of the 
C6o molecule [ 12,13 ], as well as the importance of 
t Author to whom correspondence should be addressed. 
electron correlation [14,15 ], and inter- and intra- 
molecular vibration modes for the occurrence of su- 
perconductivity in alkali-doped samples [ 16-18 ]. 
Polycrystalline or powder samples most com- 
monly used in physical measurements, are usually 
prepared in a two-step process. Initially, C6o pow- 
ders are mixed with a stoichiometric amount of  al- 
kali metal and heated for several days (mixing stage) 
[3,4]. The doped samples are then pelletized and 
sintered at a higher temperature for several addi- 
tional days (annealing stage), which results in su- 
perconducting shielding fractions approaching 100% 
(without demagnetization correction [ 5 ] ). For salts 
produced in this manner, the superconducting tran- 
sition widths (10 to 90% transition, AT~o_90) are 
greater than 10 K. In order to improve the sample 
quality and to sharpen the superconducting transi- 
tion widths, single crystals Of C6o have been doped 
[ 14,15,19 ]. Sharp resistive transitions with a tran- 
sition width ~ 200 mK have been reported [ 14 ], but 
bulk superconductivity cannot be demonstrated in a 
resistivity experiment. In this paper we describe a
one-step process allowing for the production of  
Rb3C6o crystals which show sharp inductive super- 
conducting transitions (ATlo_9o ~ 0.7 K) and shield- 
ing fractions larger than 90% (without demagneti- 
zation correction). 
2. Experimental 
2.1. Starting materials 
C6o was extracted from graphite soot (Strem 
Chemicals, Inc.) with toluene and separated from 
higher fullerenes by use of flash chromatography on
a Norit A/silica gel column with toluene as the eluant 
[20]. Rubidium (99+%, courtesy of J.E. Schirber, 
Sandia National Laboratories) was used without 
further purification. Quartz reaction tubes were as- 
sembled in an argon-filled ry box and the manip- 
ulation carried out on a vacuum/argon manifold due 
to the highly flammable nature of elemental rubid- 
ium and rubidium-doped C6o salts. 
2.2. Preparation of C6o crystals 
The tube was sealed with a Cajon fitting, removed 
from the dry box, evacuated to 10 -2  Torr on a 
Schlenk line, and flame sealed. This sealed glass tube 
was then heated in a furnace. After a designated pe- 
riod of time (see table 1 ), the sample was removed 
from the furnace and inspected visually. Typically, 
visual defects and crumbling of the doped crystals 
were observed. Any further manipulation of these air 
sensitive crystals was done under an argon 
atmosphere. 
2.4. SQUID measurements 
The magnetization of the samples was measured 
in a SQUID magnetometer (Quantum Design). Tc 
and the transition width were determined by cooling 
the sample in zero field (the magnet of the magne- 
tometer was previously de-gaussed), then by apply- 
ing a field of 1 G at 5 K and taking data while warm- 
ing the sample up through the transition. The 
superconducting fraction was determined from the 
initial slope of the low-field magnetization curve at 
5K.  
Crystals Of C6o were prepared by vacuum subli- 
mation [21 ] or vapor transport methods [22 ]. In 
our hands, the former procedure gave typical yields 
of ~ 40% and average C6o crystal size of ~ 0.5 mm. 
The latter procedure was more convenient and ef- 
ficient. The average yield, based on three runs, was 
70%, and a typical crystal size was ~ 1 mm. In a typ- 
ical run, about 100 mg of C6o powder was loaded in 
a gold boat that was placed inside a quartz tube lo- 
cated in a three-zone furnace. High-purity He carrier 
gas was purged for half an hour. The three zones were 
then set to 600, 560 and 520°C, with the gold boat 
located near the center of the 600 ° C region. He gas 
was introduced from the 600°C end and swept 
through the three-zone furnace during the sublima- 
tion process. Well-formed C6o crystals (up to 3 mm) 
were harvested after 5 days in the 520°C zone. 
2.3. Preparation of Rb3C6o crystals 
Approximately 10 mg of C6o crystals were accu- 
rately weighed and loaded into a 3 mm quartz tube. 
This tube was transfered into an argon-filled ry box 
and loaded with three equivalents of rubidium metal. 
2.5. X-Ray measurements 
Crystals to be examined by X-ray diffraction were 
individually sealed in thin-walled glass capillaries and 
mounted on an automated Nicolet P3/ f  four-circle 
diffractometer equipped with a molybdenum-sealed 
tube and a graphite monochromator (2 = 0.7107 A). 
All X-ray diffraction experiments were carried out at 
room temperature. A poloroid type 57 f' im was em- 
ployed for diffraction photographs on the 
diffractometer. 
2.6. ESR measurements 
An IBM ER-200 ESR spectrometer (X-band, 9.4 
GHz) with a TErn2 rectangular cavity was used. Low- 
temperature measurements were made with the use 
of an Oxford Instruments liquid-helium cryostat. A
strong-pitch standard (g= 2.0028) was used for in- 
strument calibration. A locally developed computer 
program was used to fit first derivative ESR spectra 
to a linear superposition of lorentzian derivatives 
[23 ]. Due to the cubic symmetry of the ESR active 
species, no corrections for g-value anisotropy were 
applied. 
3. Results and discussion 
3.1. Synthesis and superconductivity 
Superconducting transitions (samples B and G, 
table 1 ) with zero-field cooled data from the SQUID 
magnetometer are shown in fig. 1. In order to ac- 
count for the different shielding fractions (see be- 
low), the susceptibility was normalized to its value 
at 5 K. The absolute values of the volume suscep- 
tibility at 5 K for samples B and G were - 1.7× 10 -2 
and - 7.2 X 10- 2, respectively (dimensionless CGS 
units, i.e., for perfect diamagnetism Z=-  1/4n). The 
magnetic onset temperature (To) for both samples 
was 30.5_+0.2 K. 
The Tc's for all Rb3C6o crystalline samples were 
higher than those of the powder samples (reported 
Tc's between 28 to 29.6 K) [3,4,18,24], but consis- 
tent with the four-probe resistivity result for a doped 
C6o crystal (transition midpoint= 30.2 K) [ 14]. The 
ATlo_9o widths defined as the transition width be- 
tween 10% and 90% of the saturated iamagnetic 
moment, are also indicated in table 1. For sample G, 
we observed a very sharp transition with ATlo-9o ~ 0.7 
K (see fig. 1 ). The shielding fraction (%) measured 
at 5 K is calculated from the slope of a plot of the 
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Fig. I. The superconducting transition curves of Rb3C~o crystals 
(Samples B and G) showing the magnetic onset temperatures 
and the transition widths. The magnetic moments of both sam- 
ples are normalized to their 5 K values. 
diamagnetic moment versus magnetic field, as shown 
in fig. 2 (samples B and G). 
As indicated in table 1, sample A was doped at the 
relatively low temperature of 200 °C for seven days. 
The resulting 12% shielding fraction indicated in- 
complete formation of Rb3C6o. The transition width 
of 4.4 K, however, was greatly improved compared 
with that of the powder samples. A longer heating 
time at 200°C (sample B) further improved the 
shielding fraction. Sample C was heat-treated at 
300°C for seven days resulting in a sharper transi- 
tion width and a higher shielding fraction. Sample D 
was heat-treated at 400 °C for only one day, and the 
superconducting shielding fraction reached 28%. 
Sample D was then split into two parts, D-1 and D- 
2, which were further treated at 400 and 450°C for 
6 days, respectively. The superconducting shielding 
fraction reached 60 to 80%. Duplicate runs under the 
same conditions (samples E and F) reproduced the 
60 to 80% shielding fraction range. For samples 
doped at 400 and 450°C, exfoliation of the crystals 
was quite noticeable due to the facile diffusion of al- 
kali metal parallel to the [ 111 ] plane [25]. In order 
to determine if the samples were homogeneously 
doped, large crystallites were manually selected from 
small pieces to give sample F-1. The shielding frac- 
tion of F-1 (large crystals, 61%) is slightly lower but 
still comparable to that of the original sample F 
(77%). The result supported the idea that under the 
aforementioned xperimental conditions, the doping 
process gave a nearly homogeneous sample. 
Due to the exfoliation of C6o crystals during the 
higher-temperature doping process, a few large crys- 
tals ( > 1 mm) were selected to be doped at 300°C 
(sample G). After 6 days of doping, some exfolia- 
tion on the crystal surface was still noticeable but 
most crystals remained intact. The sample quality 
was very good considering its sharp transition width 
( ~ 0.7 K) and high (90%) superconducting shield- 
ing fraction. A parallel experiment (sample H) was 
prepared from powdered C6o crystals and doped un- 
der the same conditions. The transition width was 
much broader (4.8 K) and the shielding fraction was 
quite low (4%). This result is consistent with a pow- 
der sample doped without compaction and anneal- 
ing. The grain size of a typical powder sample is on 
the order of 1 Ixm [26 ], and the reported penetration 
depths for Rb3Cro and K3C6o are approximately 
Table 1 
SQUID measurements of the Rb3Cno crystals ~)'b) 
Rb3C6o Mass (mg) Experimental ATlo-9o (K) Shielding 
Sample ,),b) condition fraction (%) c) 
A 32.3 
B 7.1 
C 24.9 
D 20.4 
D-I d) 5.8 
D-2 a) 8.6 
E 14.2 
F 14.2 
F-1 e) 7.0 
G 13.8 
H 23.5 
200°C 7 days 
200°C 14 days 
300°C 7 days 
400°C 1 day 
400°C 6 days d) 
450°C 6days d) 
400°C 6 days 
450°C 6 days 
e)  
300°C, 6 days 
300°C, 6 days 
4.4 12.0 
4.3 22.0 
3.0 23.5 
2.5 28.4 
3.4 77.9 
3.7 61.2 
1.8 65.1 
2.5 77.3 
2.6 61.0 
0.7 90.6 
4.8 4.0 
") Samples A through F were prepared from smaller C~o crystals with sizes ranging from 0.2to 1.0 mm. Sample O was prepared from a 
few large ( > I mm) C6o crystals and sample H was from smashed C~o crystals. 
b) The mean-field superconducting tra sition temperature (Tc~) was 30.5 K for all samples except D-1 (30.0 K) and D-2 (29.5 K). 
c) Superconducting shielding fraction measured at 5 K without demagnetization correction. 
d) Samples D-1 and D-2 were resealed from sample D and subjected to additional heat reatment as indicated. 
e) Sample F-1 contained the large crystallites manually separated from sample F without additional heat reatment. 
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Fig. 2. A plot of magnetic moment vs. field of Rb3C~o crystals 
(Samples B and G). The shielding fraction is calculated as 
4n X slope. 
2400-4800 A (0.24-0.48 ~tm) [27-29 ]. Low values 
of the superconducting shielding fraction are ex- 
pected for powder samples unless the grain size is 
much larger than the penetration depth. The high 
shielding fraction and sharp transit ion in sample G 
(large C60 crystals doped at 300°C) was likely due 
to the much larger grain size. 
3.2. X-ray diffraction 
Individual crystals from batches D and F were ex- 
amined by the use of  single crystal diffraction. The 
sharp diffraction pattern of  sample D could be in- 
dexed as a superposit ion of  two face-centered cubic 
lattices with a l = 14.14 ( 1 ) A and a2 -- 14.13 ( 1 ) •, 
respectively, related by a 60 ° rotation around one of  
the body diagonals of  the unit cell. The sharp dif- 
fraction pattern is due to unreacted C6o. Weak, dif- 
fuse scattered intensity, presumably from polycrys- 
talline RbC6o and RbaC60, was observed on a rotation 
photograph [ 30,31 ]. In sample F, the sharp diffrac- 
tion pattern gave way to broad diffuse maxima su- 
per imposed upon noticeable complete powder rings. 
The maxima were too broad (5-10 ° in to) to be cen- 
tered automatically, but in the manual mode, the ap- 
proximate angle settings of nine maxima could be 
obtained. They were indexable with a face-centered 
cubic cell with a= 14.24(4) A. Axial oscil lation pho- 
tographs revealed further maxima belonging to do- 
mains with different orientations. The visual ex- 
aminat ion of a rotation photograph yielded 
diffraction intensities indicative of the doped phases 
Rb3C6o [ 30 ] and RbC6o [ 31 ], and very little, if  any, 
unreacted C6o. 
3.3. ESR characterization 
A common impurity in the preparation of Rb3C6o 
powder samples has previously been identified as 
RbC6o [32]. The 1 : 1 phase, RbC6o, when in a pow- 
der form, gave a sharp ESR signal with a peak-to-peak 
line width of ~ 6 G at room temperature [ 32 ]. The 
g-value for the RbC6o phase was 2.0007 + 0.0011. The 
superconducting phase, Rb3C6o, in powder form has 
a broader ESR line width around 12-14 G [ 32 ]. The 
g-value for the Rb3C6o phase was practically the same 
as that of the RbC6o phase. Due to the broad solid- 
state spectra, there is a large uncertainty associated 
with the g-values, which prohibits meaningful com- 
parison among the g-values of RbC6o and Rb3C6o. 
For a mixture containing both RbC6o and RbaC6o 
phases, the ESR absorption of the individual over- 
lapping components can be obtained from a line 
shape deconvolution program. The integrated ESR 
absorption of any specific phase is correlated to its 
molar concentration according to the following 
equations; 
ARbC6o = ZRbC60 X [ RbC60 ] 
Wt. of RbC60 
=ZRbC6o × FW of RbC60 
and 
ARb3C60 =ZRb3C~0 X [ Rb3 C60 ] 
Wt. of Rb3C60 
=ZRb3C60 × FW ofRb3C60 '
where A is the integrated absorption, Z is the ESR 
spin susceptibility, [ RbC60 ] is the concentration of
RbC60 in mole, Wt. is the weight in g, and FW is the 
formula weight in g/mole. The molar concentration 
of each phase can be obtained if the spin suscepti- 
bility Z is known. Z for RbC60 and Rb3C60 can be es- 
timated as follows: 
Total sample Wt. = Wt. of RbC60 
+ Wt. of Rb3 C60 
FW of RbC60 
A RbC6o 
ZRbC60 
FW of Rb3 C6o 
"J- ARb3C6o 
~Rb3C6o 
With two samples and two equations, XRbC~o and 
XRb3C60 can be obtained. The ratio ZRb3C~o/ZRbC~o was 
thus determined to be 1.62, which is used to calcu- 
late the molar ratio of Rb3C6o/RbC6o in all samples. 
The rubidium-doping process of sample A (table 
1 ) was monitored with the use of an ESR spectrom- 
eter. The sample was heated at 200°C and moni- 
tored after brief cooling to room temperature with 
ESR approximately every 20 h. Two major compo- 
nents were identified, RbC6o (AHpp~6 G) and 
RbaC6o (AHoy 10.5-12 G). The formation of both 
phases as a function of heating time is shown in fig. 
3. 
At 200°C, the growth rate for RbC6o was much 
faster than that of the RbaC6o. The observation was 
consistent with the recent report that RbC6o at 200 ° C 
is a stable phase-pure fcc compound with octahedral 
site occupancy only [ 31 ]. After doping at 200 °C for 
7 days, the RbaC6o content reached 13%, which was 
consistent with the result from SQUID measure- 
ments (12% shielding fraction). Doping at 300°C 
(sample C) was also monitored by the use of an ESR 
spectrometer. The growth patterns at 300°C for the 
first four days are shown in fig. 4. 
At 300 °C the growth rate of RbC6o was still faster 
but the growth rate of RbaC6o was significantly in- 
creased. For longer doping time ( > days), the peak- 
to-peak line widths for both phases became sharper. 
The 1 : 1 and 3:1 phases gave rise to ~ 5.5 G and ~ 8 
G line widths, respectively. As the difference be- 
tween the two line widths became smaller and since 
the difference in g-values was always small, the line- 
shape parameters became highly correlated. The re- 
suiting ESR line-shape refinement became unstable 
and no reliable signal deconvolution could be ob- 
tained. After 7 days doping at 300°C, sample C 
yielded asuperconducting shielding fraction of 23.5% 
which was consistent with a higher Rb3C6o content. 
A detailed analysis was carried out on the low-tem- 
perature data (50 K, see below) in order to avoid the 
correlated refinement parameters. 
Sample D, after heating at 400°C for 1 day gave 
a strong but narrow ESR line width (7.3 G). Line- 
shape deconvolution of the room-temperature sp c- 
trum did not give a stable refinement due to the nar- 
row line width and the highly correlated parameters. 
Sample D was split into two samples (D-1 and D-2) 
after the SQUID measurement. Sample D-1 was heat 
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Fig. 3. The formation of the RbC6o and Rb3C6o phases during the doping of C6o crystals with three equivalents of rubidium (Sample A) 
at 200°C. 
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Fig. 4. The formation of the RbC6o and RbaC6o at 300°C (Sample C) for the first four days. 
treated at 400 ° C for an addit ional six days. Since the 
room-temperature spectrum did not yield a satisfac- 
tory signal deconvolution, variable-temperature ESR 
measurements were carried out. The overall peak-to- 
peak line widths (triangles) and relative spin sus- 
ceptibil it ies (squares) of sample D-1 were plotted 
against emperature between 296 and 4 K in fig. 5. 
As shown in fig. 5, the apparent overall ine width 
decreased monotonically with decreasing tempera- 
ture from 5.5 G at 296 K to 2.1 G at 70 K. In the 
same temperature ange, the relative spin suscepti- 
bility was nearly a constant (fluctuating between 1.00 
and 1.13), which was consistent with Pauli para- 
magnetism of a metallic specimen. Between 60 and 
40 K, the spin susceptibility dropped by one order 
of magnitude while the peak-to-peak line width 
broadened from 2.4 G to ~ 4 G. Below 30 K, the ESR 
signal completely disappeared. At 30 K, a strong non- 
resonant magnetic hysteresis loop appeared uring 
the forward and reverse ESR scans (fig. 6). 
The disappearance of the resonant ESR signal and 
the appearance of the magnetic hysteresis loop is a 
clear signal of superconductivity n the sample. The 
appearance ofa hysteresis loop in the modulated mi- 
crowave absorption is caused by the screening su- 
percurrents which are synchronous with the modu- 
lated field, and which shift the phase by 180 ° as the 
direction of the scan is reversed [ 33 ]. A narrow sig- 
nal (~2.5 G) appeared below 9 K, which is likely 
due to the paramagnetic RbC6o impurity phase in an 
incompletely screened part of the sample. 
We took advantage of the line-width broadening 
effect at 50 K and measured samples B through F-1 
at that temperature. With the greater difference be-
tween RbC6o and RbaC60 line widths, the ESR line 
shape deconvolution procedure was very effective 
(see table 2). 
As listed in table 2, at 50 K the RbC6o phase gave 
rise to a sharp ESR line width (AH~) between 3.3 
and 4.3 G, while the RbaCro phase revealed a broader 
line width (AH2) between 8 and 13 G. In order to 
check the validity of the phase assignment as well as 
the mole concentration, the mole percentage of 
Rb3Cro content based on ESR analysis (table 2) was 
plotted against he superconducting shielding frac- 
tion obtained from SQUID measurements (table 1 ) 
in fig. 7. 
The Rb3C6o mole content in sample G was a rough 
estimate from the ESR analysis. Detailed line shape 
analysis awaits future study due to its strong Dyson- 
ian line shape. As shown in fig. 7, the supercon- 
ducting shielding fraction was approximately pro- 
portional to the Rb3Cro content calculated from ESR 
line shape analysis. This linear correlation u ambig- 
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Fig. 5. The ESR peak-to-peak linewidth (triangles) and the relative spin su ceptibility (squares) ofRb3Cro (Sample D-1 ) plotted against 
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Fig. 6. The forward and reverse scans of ample D-1 at 20 K between 3320 G and 3420 G. Notice that the resonant ESR absorption near 
3370 G has disappeared an the vertical offset of the forward and reverse scans is caused by the magnetic hysteresis of the superconduct- 
ing sample and not by instrument settings. 
Table 2 
ESR analysis of the Rb3C6o crystals a) 
Sample RbC6o Rb3C6o R b) (%) 
AHl (G) Mole % AH2 (G) Mole % 
A 6.0 87 12.9 13 3.5 
B 4.3 82 10.2 18 2.5 
C 3.3 84 9.4 16 4.1 
D-1 3.4 28 7.9 72 3.2 
D-2 3.4 46 11.3 54 3.3 
F 3.5 21 10.9 79 2.9 
F-1 4.1 31 13.3 69 2.6 
=) The analyses were all based on low-temperature data (45 to 60 K) except sample A, which was based on room-temperature data. 
b) Agreement factor of fit: R = 100% ( ~ [obs- calc] ) / 5~ Iobs ] for each spectrum; ca. 500 data points were used in the fit. 
uously confirmed the Rb3C6o phase assignment and 
the calculated mole percentage. 
4. Conclusions 
We have developed a one-step doping process to 
prepare crystals of RbaC6o. High superconducting 
shielding fractions (between 60% and 90%) can be 
obtained with a heat treatment between 300 and 
450 °C and no sample-pressing procedure is required 
during the process. Sharp magnetic transitions were 
observed in all Rb3C60 crystalline samples due to their 
large grain sizes. The 1:1 RbC60 impurities were 
found in all RbaC60 samples. Doping large C60 crys- 
tals is a viable route to minimize the formation of 
the undesirable RbC60 phase. Higher temperature 
doping (> 400 °C) favored the formation of Rb3C60 
at the expense of severe C6o crystal fragmentation. 
The optimal doping condition for the formation of 
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Fig. 7. A plot of the superconducting shielding fraction measured with a SQUID vs. Rb3Ceo molar content calculated from ESR analysis 
showing a linear correlation. 
Rb3C6o crystals was found to occur around 300°C. 
This simple one-step doping process provides high- 
quality crystals of  Rb3C60 for future study. 
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